Kentucky bluegrass (Pea pratensis L.) dominates the herbaceous cover along many streambottoms in the Black Hills. The combination of palatable forage, available water, and steep, timber-covered side slopes makes the streambottoms natural concentration areas for range cattle.
Consequently many of these areas are closely grazed and heavily trampled.
In the past 5 to 20 years a number of livestock exclosures were constructed to learn primarily what effect protection from grazing has on the composition and production of the vegetative cover.
These exclosures also afford an opportunity to learn what, if any, changes have taken place in the soil. A study was made in 1956 of soil porosity, bulk density,a nd sampling variation in these soil properties inside exclosures and on grazed range. Results of that study are reported here.
The Study Sites
Four bluegrass streambottom sites were selected ( Total herbage production was about the same on the grazed range as inside the exclosures although, as indicated, composition did differ.
The soils at all four sites are of alluvial origin, medium textured, and are between two and four feet in depth. Profile development is weak. It is not clear whether this is due to relatively recent alluvial deposition or to slow rate of development.
More There are pronounced differences in particle size distribution of the surface foot of soil among the four sites despite the fact that textures all classify as loams or silt loams. Soils at Sites A, B, and D are derived from schists and have a relatively high silt content (Table 2) . Mica is a prominent soil constituent particularly at Sites B and D. The clay content is lower and the sand content is slightly higher at Site D than at Sites A or B. The soil at Site C, derived from a sandstone-limestone formation, has the highest sand content and the lowest silt content.
Sand, silt, and clay contents of individual a-inch intervals in the surface foot of soil were essentially the same inside the exclosures and on the outside range at each site except D. Here there was 4 to 8 percent more sand inside than outside the exclosure between 2 and 12 inches depth.
Most other differences were no greater than error inherent in the hydrometer method used for the mechanical analysis (Bouyoucos, 1951) . Learner and Shaw (1941) and described by Hoover, Olson, and Metz (1954) . Total pore space was assumed equal to the volume of water in a saturated core. Large pore space was considered equal to the volume of water drawn from saturated cores under 60-centimeter water tension.
Methods
Small pore space was calculated as the difference between total pore space and large pore space. The volume of large pore space drained by 20-centimeter water tension was determined for soil cores from Site C in addition to large pore space drained by 60-centimeter water tension.
The O-2,2-4, and 4-6 inch depth intervals were sampled at a minimum of 10 points inside the exclosure and 10 points on the grazed range at each site. The 6-8, 8-10, and lo-12 inch intervals were sampled at a minimum of 5 points inside and outside each exclosure.
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Results

Bulk Density Comparisons
Bulk density of the O-2 inch soil 1 a y e r was significantly higher on the grazed range than inside the exclosures at three of the four study sites (Table 3 ). Greatest differences in this layer were measured at Sites A and B, the sites of the oldest exclosure and soils with the highest silt plus clay content (Tables 1 and  2 ). Bulk density was 21 percent higher outside than inside the exclosure at Site A and 29 percent higher outside than inside the exclosure at Site B. At D, the site of the youngest exclosure, and with soil of intermediate sand content, bulk density of the O-2 inch layer was seven percent higher on grazed range than inside the exclosure.
Only at Sites A and B was bulk density of the 2-4 inch layer significantly h i g h e r on t h e grazed range than inside the exclosures.
At both sites, differehces in this layer were smaller than in the O-2 inch layer. The 2-4 inch bulk density was 10 percent higher outside than inside the exclosure at Site A and 16 percent higher outside than inside the exclosure at Site B.
There were no significant differences in bulk density of either the O-2 or 2-4 inch layers at Site C. Soil at this site had the highest sand content and the lowest silt content. The exclosure was seven years old.
Below four inches depth there were no significant differences in bulk density of the soil between the exclosures and the grazed range at any of the sites, with one exception.
This was the 8-10 inch layer at Site C, where bulk density was higher on the grazed range than inside the exclosure.
There is no apparent explanation for this diff erence.
Pore Space Comparisons
There was a greater volume of large pore space drained by 60-centimeter water tension in the O-2 inch soil layer inside the exclosures than on the grazed range at all four sites (Table 4) . However, the differences were statistically significant only at Sites A, B, and D. There was nearly 100 percent more large pore space inside the exclosures than on the grazed range at Sites A and B, and about 30 percent more inside the exclosure than on the grazed range at Site D. Although the O-2 inch layer at Site C did not differ significantly in amounts of 60-centimeter pore space inside and outside the exclosure, there was a significant, though small difference in pore space drained by 20-centimeter water tension.
The 2-4 inch soil layer also had more large pore space inside the exclosures than on the grazed range at all four sites. The differences were smaller than in the O-2 inch layer and were statistically significant only at Sites A and B. There was 39 and 56 percent more large pore space inside the exclosures than on the Since there is no logical reason to believe that soil pore space might decline under protection from trampling these differences must instead be due to inherent soil variations.
There was more small pore space in the O-2 and 2-4 inch layers on the grazed range than inside the exclosures (Table 4) . This is the opposite of differences in large pore space. Adding small and large pore space together shows that the differences in total pore space were small. This distribution of pore size suggests that compaction trans-. forms large pore space to small pore space; or conversely, that under protection from grazing some pore space is transformed from the small to the large category without much change in total pore space. The volume of large pore space is obviously a more sensitive indicator of compaction or recovery from compaction than either small pore space or total pore space.
Sampling Variation
Bulk density of the surface six inches of soil is more variable on protected sites than on grazed range.
A minimum sample of six soil cores is needed to establish a probability of 99 percent that the true mean bulk density will be within 0.1 gram per cc. of the sample mean in a O-2, 2-4, or 4-6 inch layer inside an exclosure. A sample of three soil cores will achieve about the same degree of accuracy for each of the three lower depths inside an exclosure.
Three-core samples are also needed for each of the six depths on grazed range. The same sized samples will also achieve about a 10 percent sampling error.
Six of the 444 soil cores were discarded in the final determination of required sampling intensity for bulk density. Three of these, in the O-2 inch layer on outside range at Site B, had a ORR low bulk density due to partially decayed or charred wood. The other 3, in the 4-6 inch layer on open range at Site C, had a below-average bulk density for the layer apparently because the cores were taken from repacked pocket gopher runways.
Soil in these three cores had a crumb structure more typical of the soil surface, while the cores immediately above and below all had either a subangular blocky or platy structure.
If such conditions were common, they could no longer be considered aberrant and more intensive sampling would be necessary to determine bulk density as precisely as specif ied.
Large pore space measurements are more variable than bulk density.
A sample of 19 pore space determinations per site would be needed in a O-2 inch layer inside an exclosure for 99 percent probability that the true mean is within 3 units of the sample mean (percent of soil volume).
Three percent of soil volume was the smallest difference between inside and outside means for the O-2 inch layers that proved to be significant (O-2 inches, Site D, Table 4 ). Eight determinations will achieve about the same precision in each of the remaining depths inside an exclosure and for each depth on grazed range.
Ten percent sampling error would require 41 determinations for a O-2 inch layer inside an exclosure and 35 determinations for each of the remaining depths inside an exclosure and each depth on grazed range.
Discussion
Difference in magnitude of recovery from soil compaction by cattle grazing at the four sites is believed to be related primarily to soil texture. This inference is drawn on the assumption of about equal intensity of grazing and trampling and hence opportunity for a similar degree of soil compaction over a long period of years at all four sites. There is no apparent reason to doubt this assumption.
Although the soils at all four sites classify as medium textured, there are pronounced differences in the particle size distribution (Table 2) . Silt plus clay contents average 73, 79, 54, and 68 percent at Sites A, B, C, and D, respectively.
The magnitudes of differences in bulk density and large pore space between the grazed and protected range at each site were in the same order as the silt plus clay contents-greatest at Sites A and B, least at Site C, and intermediate at Site D. Recovery from compaction was evident in both the O-2 and 2-4 inch layers at Sites A and B and in terms of both bulk density and 60-centimeter pore space. In these same terms there was evidence of recovery only in the O-2 inch layer at Site D while at Site C the only evidence of recovery was in the volume of 20-centimeter pore space in the O-2 inch layer. Results suggest that soils at Sites A and B, because of finer texture, not only were more compacted than the soils at Sites C and D, but were also compacted to greater depth.
The silt loam soils at Sites A and B show evidence of compaction to about four inches depth. Kucera (1958) found silt loam soil on grazed tallgrass prairie in Central Missouri compacted to the same depth. Bulk density on a grazed site in the Missouri study ranged from 1.01 in the surface inch to 1.33 in the fourth inch compared to 0.87 and 1.26 in the first and fourth inch, respectively, on an ungrazed site. Bulk densities at Site B, the site in the present study with the most clear-cut silt loam soil, averaged 0.93 in the O-2 inch layer and 1.02 in the 2-4 inch layer on grazed range compared to 0.72 and 0.88 in the O-2 and 2-4 inch layers, respectively, inside the exclosure. , Inspection of soil cores showed a tendency to platy structure both inside and outside all four exclosures.
It was most pronounced at Site D and was found to 12 inches depth at some points both inside and outside the exclosure. The fact that platy soil structure was evident inside as well as outside the exclosures and below the obvious depth of soil compaction suggests that it may be due to genetic soil characteristics rather than to compaction.
Magnitude of recovery from soil compaction at first appeared to be related to length of time the exclosures have been protected from livestock grazing. However, when soil texture was considered, there remained little evidence of a time relationship. Instead, the magnitude of changes in bulk density and large pore space are in the apparent order of soil compactibility. This suggests that the 5-year old exclosure at Site D, is at about the same recovery level as the older exclosures at the other sites and indicates that the greatest changes in bulk density and pore space of soil take place within five years after start of protection. The exclosures are 17, 9, 7, and 5 years old at Sites A, B, C, and D respectively.
Soils are subject to maximum compaction at a moisture content about midway between wilting point and field capacity (Lull, 1959) . Therefore, the more often moisture content is at this point the greater the chance of maximum soil compaction. In spring and early summer, the period of maximum seasonal precipitation in the Black Hills, the surface soils may remain near field capacity much of the time. Soils in this condition may tend to deform or shift laterally under stress rather than to compact. During early-to mid-summer, storms are still relatively numerous, but high temperatures cause the soils to dry rapidly between storms. It appears, therefore, thats oils are most frequently susceptible to maximum compaction in early-to mid-summer. In late summer and in the fall surface soil may remain near wilting point moisture content for days and even weeks between storms. Most soils are highly resistant to compaction when very dry.
The volume of large pore space determines the rate of water percolation in a soil (Baver, 1956) . Hence, the least permeable or most restrictive layer is the one with the least volume of large pore space. This is near the top of the surface one foot of soil on the grazed range at Site B (Figure 1) but at the bottom of the exclosure.
A similar but less surface foot of soil inside the clear-cut relationship holds for Site A. The 2-4 inch depth is the least permeable layer both inside and outside the exclosure at Site D, but above this depth, the O-2 inch layer would be expected to be more permeable inside than outside the exclosure.
The relatively high permeability indicated by volume of large pore space both inside and outside the exclosure at Site C is apparently due to the relatively high sand content of the soil.
Summary
Soils were sampled by 2-inch intervals to a depth of 12 inches inside livestock exclosures and on adjacent grazed range at each of four sites. The four sites are located in Kentucky bluegrass stream-bottoms grazed by cattle each year from June 1 to October 31. The soil cores were analyzed for bulk density and pore volume. Comparisons were made to determine whether there were differences in these soil properties between the exclosures and the adjacent grazed range.
Compaction was evident only within four inches of the soil surface. The entire surface 4-inch layer at two sites with soils of high silt plus clay content had significantly less large (60-centimeter) pore space and higher bulk density on the grazed range than inside the exclosures.
At a third site where soil had slightly less clay and more sand, only the O-2 inch soil layer had significantly less large pore space and higher bulk density on the grazed range than inside the exclosure.
Soil at the fourth site had the least silt and nearly 50 percent sand. Here, the only soil difference attributable to compaction was significantly less pore space drained by 20-centimeter tension in the O-2 inch layer on the grazed range than inside the exclosure. The amount of compaction appears to have varied directly with silt plus clay content of the soil.
The detection of soil compaction on the grazed range was dependent on recovery from compaction inside the exclosures. The exclosures were 5, 7, 9, and 17 years old. These appear to have been sufficient lengths of time for partial if not full re-
